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ABSTRACT. Analysis of the current'state o f  the theory o f  
multiple particle production at high energy levels and 
associated peripheral interaction and statistical theories. 
The relations between the problems o f  these theories and 
fundamental theoretical problems, such as the concepts o f  
amplitude and time reversibility, are discussed. The 
productivity o f  a statistical approach t o  multiple particle 
production processes is noted. 

This study has two purposes: first, a discussion of the problems involved /1461* 

in the theory of multiple generation, and second, the role and importance of 
cosmic rays in this problem. 
.in a study of cosmic rays appeared to be valuable both for fundamental problems 
in theoretical physics and in computations of specific processes. 
of the first is the determination in cosmic rays of an approximate constancy 
of the total cross-section at high energies. 
formulating the Pomeranchuk theorem, and then for an entire direction in 
theoretical physics for investigating the asymptotic properties of the total 
cross-section. On the other hand, experimental data on multiple generation, 
(obtained in cosmic rays) stimulated the development of methods for computing 
specific processes. 
theory of peripheral interactions developed precisely on the' basis of experi- 

Until recently the experimental data obtained 

An example 

This fact served as a basis for 
c 

The statistical theory of multiple generation and the 

ments in cosmic rays. 

However, the situation has now become more complex and it is common to 
hear the opinion that in the future the role of cosmic rays in the problem 
of strong interactions will not be as great as in the past. 

- to demonstrate that this opinion is unfounded. 

the present-day status of this problem. 
of the CERN Conference (January 1968) and the Vienna Conference (August 1968)- 

We will endeavor 
We will' endeavor to analyze 

The analysis is based on the results 

"Numbers in the margin indicate pagination in the foreign text. 
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We emphasize- tw_o circumstances. 

First, the accentuating separation of theoretical studies into two groups: 
fundamental problems on the one hand, and computations of specific processes 
on the basis of certain schemes o r  modas, on the other. 
tion of theoreticians working in the fundamental direction is on problems of 
the internal closure of the theory. 
experimental data (including data from cosmic rays). 
studies of a fundamental nature are usually not compared with experimental 
data. 

The center of atten- 

At present their solution does not require 
In -any case, theoretical 

Second, theoretical computations of specific processes of multiple genera- 
The use of computers tion are now being made at a different level than before. 

makes it possible to calculate many different characteristics of the process, 
and do so with great accuracy. These computations are usually compared with 
accelerator experiments; it is considered preferable not to make comparisons 
with space experiments. Space data are viewed with respect, giving them due 
importance. The emphasis is on facts, considered particularly important, which 
have been established in experiments with cosmic rays and confirmed on accel- 
erators, specifically, such facts as the smallness of the inelasticity coeffi- 
cients and constancy of the distribution of transverse impulses. However, the 
respect contained in such statements resembles the comments of a necrologist. 
At first glance, space experiments again seem to be to one side from the two 
fundamental directions in theory. 
above-mentioned situation. 

This is essentially the basis for the 

We will endeavor to demonstrate that in actuality the situation is differ- /1462 - 
ent and the study of cosmic rays m d  the data and ideas resulting from it have 
a direct relationship both to the abstract and specific directions in theory. 
Among the fundamental problems we can define the following. 

1.  The-problem of the asymptotic behavior of the cross-section. Until 
recently the principle approach here was an investigation of the analytical 
properties of the amplitude o f  scattering. 
Conference on High-Energy Physics this direction1 was represented relatively 

However, at the last International 

'Reference is to a study by Martin [l] and studies similar to it [2 ] .  
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poorly. 
schemes of t h e  Bethe-Salpeter equation type. 

given t o  crossing-invariance and u n i t a r i t y ;  t h i s  has been ahcieved by t h e  
successive development of t he  Bethe-Salpeter equation i n  t h e  s- and t-channels. 

The advantage of such schemes i s  t h a t  t h e  mechanism of the  process can be seen 

c lear ly .  

On the  other  - -  hand, there  has been an increase i n  the  use of spec i f i c  

Pa r t i cu la r  a t t en t ion  has been 

I 

-a 

In pa r t i cu la r ,  it was demonstrated tha t  t h e  cross-section of processes 

caused by a vacuum s ingu la r i ty  evidently decreases slowly with energy E 

regime 0 . - E L a o 2  (Chu [3]) o r  o 5 (In In  EL)-l'2 (Royzen '[4]) have been 
discussed. 

of asymptotic behavior a r i s e s  i s  very d i s t a n t  and, f o r  example, i s  s i t ua t ed  

a t  h n  In (EL/EO) 3- 1, where Eo i s  t h e  order of mass of a nucleon, t h a t  i s ,  

i s  v i r t u a l l y  unat ta inable .  The remoteness of t he  asymptotic behavior became 

c l ea r  t o  the  use of a spec i f i c  scheme; i n  an ana ly t ica l  approach t h i s  remote- 

ness could not  be manifested. 

The L '  

I t  was a l so  made c l ea r  t h a t  the  energy region i n  which the  problem 

Both circumstances, the  weak dependence on energy, and more importantly 

the  remoteness of t he  region o f  s t a b i l i z a t i o n  of an asymptotic regime, t rans-  
form t h i s  problem i n t o  one of an academic nature .  

t he  asymptotic regime, even i n  cosmic rays,  possibly i s  v i r t u a l l y  unachievahle. 

Nevertheless, t he  region of "pract ical"  asymptotic behavior is s t i l l  important; 

. t he re  t h e  difference between o %-const,  CT 

not important and t h e  guiding vacuum s ingu la r i ty  can be considered simply as  

a Pomeranchuk pole. 

four  i n t e rva l s :  

The experimental study o f  

-1/2 and o - (In In E) i s  

Thus, t he  e n t i r e  energy sca l e  can be broken down in to  

1) low energies:  E/EO 5 1; ' 

2) preasymptotic region E/EO 3- 1 

3) prac t i ca l  asymptotic behavior In (E/EO) 3- 1 (but In In @/EO) - 1); 

4) ac tua l ly  f eas ib l e  asymptotic behavior, where h n  In (E/EO) 

2.  There is  vigorous discussion of the problem of l o c a l i t y  of the  i n t e r -  

(but In (E/EO) 5 1);  

3 1. 

act ion,  causa l i ty  and Lorentz invariance.  Here as  well, one can nofe a re turn  

t o  spec i f i c  schemes based on Lagrangians or  Hamiltonians. 

here as  wel l ,  Ea r l i e r  it was assumed . that  t h e  amplitude, obtained as  t h e  

There i s  a new trend 
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solution of some dynamic equation, should describe the process completely and 
unambiguously. The difficulty arising in this approach is well-known. 

Now other possibilities are being analyzed; they were discussed in a 
In a comparison of the amplitude and the review report I. Wightman [SI2.  

observed values additional procedures are introduced which are not involved in 
the initial equations. Essentially, this involves a revision of the concept 
of amplitude and its observability. 
will be possible to overcome the basic difficulties in theory and divergence. 

There is hope that by this approach it 

We will give particular attention to this problem, since 
ness, it is the closest to the problems discussed in the 
rays. 

Now we will return to the specific direction in the 

despite its abstract- 
physics of cosmic 

theory of strong /1463 
interactions. 
was primarily the simplest processes with a small multiplicity which were 
investigated: elastic scattering, binary reaction, diffraction generation, etc. 

Until recently in both experimental and theoretical respect it 

At high energies, (even those in accelerators) they constitute a small fraction 
of all processes. Only now this interest is beginning to shift in the direc- 
tion of a similar detailed study of fundamental processes with high multipli- 
city; these naturally are of fundamental interest in the study of cosmic rays. 

A report by Chan [7] was devoted to a review of these studies. For the' 
most part, reference was to a multi-peripheral "ReggeIt model with exchange both 
by a vacuum Reggion and by pions (to be more precise, pion Reggions). 

ttP.eggetl multi-peripheral diagrams do not differ in ordinary appearance 
from ordinary Feynman diagrams. .The difference arises in righting the matrix 
element: in place of the propagator of thk internal line of a virtual quantum, 
one compares a signature factor of the type 

' 

2Similar considerations, in even clearer form, are set forth in a study by 
.Faynberg [ 61 . 

-2 
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2 where k i s  t h e  square of t h e  imparted 4-impulse ( i n  e l a s t i c  processes it i s  
c) e 

most common t o  use the  notat ion k' f 
2 Fc2 

a vacuum Reggion av(k ) has the form cv(kz)=  l o - - _ - ' .  i o =  1, f o r  a pion - I -  da 9x2 
Reggion an -2, - -(ma2 + k 2 ) ,  9x2 = - --- i s  i h e  s lope of t i e  pole t r a j e i -  

tory.  The parameter %V i s  present ly  estimated a t  %2x 1-10 GeV . In  the  

-t); ai(kL) i s  the  pole t r a j ec to ry ;  f o r  

2 
dkz .. 

_ '  . 2x2 . -  

2 case of small values a(k ) . %  1, expression (1) is  transformed i n t o  an ordimary 

propagator. 

In  addi t ion t o  replacement of t he  propagator i n  the  matrix element of 

Reggion diagrams, another f ac to r  appears: a polynomial, o r  t o  be more prec ise ,  

a Legendre function of t h e  order of u(k2) : >&(&). . The -. argument of the 

where s 
the  considered l i n e ,  s i s  t h e  square o f  energy o f  co l l i d ing  p a r t i c l e s  i n  s t rong 

and s2 are t h e  squares of t he  "masses" of condensations connected by 1 

- - 
i n t e rac t ion ,  m i s  the  mass of  co l l id ing  p a r t i c l e s  (here assumed t o  be -I- ._ 

i den t i ca l ) .  

. 2  This f ac to r  plays an important r o l e  i f  ( Z t l  3- 1 and a(k ) i s  not small. 

and formula 

. Then it i s  equal to-Zt 

energy amplitude. 

(2) i s  transformed t o  

and determines the  asymptotic behavior of  t he  
2 c -  

= s 2  = m 1 In t h e  case of e las t ic  sca t t e r ing  s 

2 2 and accordingly, l Z  I 3- i i f  the  energy s i s  grea t ,  t h a t  i s ,  i f  s 3- k + 4m . t 
i 

However: i n  t he  case of i n e l a s t i c  processes the  condition l Z l  % 1 is 

I 
s a t i s f i e d  only i n  a small pa r t  of t he  phase space. In most of t he  phase space 

region (for  t he  most typ ica l  i n e l a s t i c  processes, whose mul t ip l i c i ty  i s  close 

t o  the  mean) the  value sk /s1s2- 1 and accordingly l Z t l  - 1 even a_t-high 

energies. In  t h i s  case the  f a c t o r  P 

/1464 2 

(2,) ceases t o  play any s ign i f i can t  
a (k2) 

r0ie3.  
."ere we w i l l  not d i scuss  the problem o f  t he  behavior o f  "subtraction" and 

daughtor t r a j e c t o r i e s  f o r  the  case of  i n e l a s t i c  processes. However, it i s  
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When t h i s  is- taken i n t o  account it becomes c l e a r  (as mentioned i n  Chan's 

report)  t h a t  i n  i n e l a s t i c  processes exchange with a vacuum reggion i s  accom- 

plished i n  a small region of phase space. 

standing out  i n  comparison with a l l  other  holes f o r  which a ( 0 )  < 1, and there- 

fore  makes a small contribution t o  t h e  cross-section. 

processes with a r e l a t i v e l y  small mul t ip l ic i ty .  

This exchange i s  not decis ive,  

.* 

I t  can describe s p e c i f i c  

The pr inc ip le  contribution t o  an i n e l a s t i c  cross-section i s  by exchange 

However, i n  t h i s  case both o f  the  modifications discussed above, by mesons. 

associated with the  ttReggelt transformation of a pion, t h a t  is ,  taking i n t o  

account motion of the  pion pole, are unimportant and the multiperipheral  

model becomes a spec ia l  case of t he  Bethe Salpeter  equation [8]. 1 

I t  should be noted that .  these propert ies .  of i n e l a s t i c  processes were a l so  

establ ished e a r i l e r  i n  [9, l o ] ,  devoted t o  an analysis  of in te rac t ions  i n  

cosmic rays.  

view. 
Thus, one can note with s a t i s f a c t i o n  the  closeness of points  o f  

I t  i s  important t o  note one other  circumstance. In a de t a i l ed  computer 

construction of diagrams of the  multipheral type (Chan [7], P ignot t i  [ l l ] ) ,  t he  

authors conclude t h a t  there  is  need f o r  so-called l lc lus te r iza t ion t l .  This term 

means a joining of generated p a r t i c l e s  i n to  groups (or  c lus t e r s )  connected t o  

one another by single-quantum exchange. 

order of 2 GeV and above. 

considerations (the need fo r  taking in to  account t he  strong in te rac t ion  of 

secondary p a r t i c l e s  i n  the  f i n a l  s t a t e 4  as well as p rac t i ca l  considerations 
(without allowance f o r  t h i s  effect it i s  impossible t o  a t t a i n  any agreement 

between computations and experiments with acce lera tors ) .  Moreover, it i s  

assumed t h a t  the  p a r t i c l e s  belonging t o  one c l u s t e r  a re  d i s t r ibu ted  almost 

i so t rop ica l ly  i n  i t s  rest system. 

The mass of such c lus t e r s  is of the  
The argument f o r  c lus t e r i za t ion  i n  both theo re t i ca l  

31continued from page 51 important that under the  condition l Z  1 - 1; 
2 

t ~- 

sk /s1s2- 1, the  statement made i s  a l so  correct  when daughtor t r a j g c t o r i e s  a re  

taken i n t o  account. 
4Similar considerations have been expressed before i n  r e l a t i o n  t o  t h e  f i re-  

b a l l  problem [12].  



Thus, one obtains a f i r e b a l l  model with proper t ies  which have already - -  
been considered many times i n  cosmic ray  physics [13, 141. The c l u s t e r s  i n  

essence i n  no way d i f f e r  from the  "condensation" forming during t h e  cent ra l  

s t a t i s t i c a l  i n t e rac t ion  o f  v i r t u a l  quanta. 

again a r i s e s  : can f i r e b a l l s  be observe8 a t  acce le ra tor  energies? 

In t h i s  connection the  problem 
I 

The theo re t i ca l  computations of Akimov and Royzen [15] show t h a t  already 

a t  an energy E - 30 GeV there  should be processes of t he  f i r e b a l l  height ,  

although with a small cross-section, whereas a t  an energy E 

with the  formation of one f i r e b a l l  should make a subs tan t ia l  contribution t o  

the  cross-section. 

L - 70 GeV processes L 

Experimental attempts a t  t he  detect ion of f i r e b a l l s  a t  acce le ra tor  energies 

have already been undertaken i n  t h e  s tud ies  of Krish and O r i r  ( these s tud ies  

were described i n  a review report  by 0'. Chizhevskiy a t  t h e  CERN Conference 

[ l l ] ) ,  a s  well as i n  s tud ies  by Zhdanov, Tret'yakova and Chernyavskiy [16], 

Unti l  now only preliminary data  have been obtained, but  they can be regarded 

as weighty evidence i n  support of the  f i r e b a l l  hypothesis. 

case as well  there  a r e  no descrepancies between cosmic ray  physics and accel-  

e r a to r  data.  

A s  w e  see, i n  t h i s  

The use of the  s t a t i s t i c a l  theory i n  acce lera tor  experiments have assumed 

considerable importance not only i n  t h e  "cluster izat ion" problem, but  a l so  i n  

connection with binary processes ( e l a s t i c  s ca t t e r ing  a t  l a rge  angles),  as well /1465 

as i n  connection with the  problem of t h e  spectrum of masses of generated p a r t i -  

cles. 

-- 

* Thus, spec i f i c  t heo re t i ca l  s tud ies  are .based on two ideas which have once 

again been taken from cosmic ray physics or  a t  l e a s t  i n i t i a l l y  arose i n  cosmic 

ray  s tudies :  i n  s t a t i s t i c a l  theory (sometimes with hydrodynamics taken in to  

account) and i n  t h e  theory of per ipheral  in te rac t ion .  

i s  now f i t t i n g  t o  analyze once the  fundamental p r inc ip les  of s t a t i s t i c a l  theory. 

S t a t i s t i c a l  theory has two systems of axioms: c l a s s i ca l  and quantum. 

c l a s s i ca l  formulation of s t a t i s t i c a l  theory t h e  co l l id ing  pa r t i c l e s -a re  

regarded as lldropstl of 

t he  order of h!mTc). 

In t h i s  connection it 

In the  

a continuous medium of l imited extent  (dimensions of 

In t h i s  case the  i n i t i a l  form of the  p a r t i c l e s  and i ts  - 
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s ize  (of t h e  order of ii/ &c) ,  are s t ipu la ted ,  whereas i n  the  hydrodynamic theory 
2 the  equation of  s t a t e  i n  the  form p = c E is  a l so  s t i pu la t ed  (where p i s  

pressure,  E i s  energy densi ty ,  c i s  the  speed of sound). The in te rac t ion  

cross-section i n  t h i s  case i s  assumed tp be-equal t o  u 7 (12 - / I I ; . . , ; ) ~  and i s  not 

dependent on energy. 

growth o f  entropy i n  t h e  in te rac t ion  process. 

t o  emphasize because t h i s  i s  associated with time i r r e v e r s i b i l i t y ,  being a 

highly important c h a r a c t e r i s t i c  o f  the  process. 

The number of p a r t i c l e s  i s  f i n a l l y  determined by the  

The l a t t e r  point  i s  important 

In  t h e  Landau hydrodynamic theory entropy increases only i n  t h e  process 

of shockwave propagation, However, i t  is  possible  t o  c l ea r ly  define the 
shockwave s t age  from the  escape divergence s tage  only i n  t h e  case of  high 

energies and only when v i scos i ty  i s  neglected,  

the  formation of p a r t i c l e s  (and the  growth of entropy) occurs during t h e  e n t i r e  

process. In  t h i s  connection it i s  f i t t i n g  t o  recall t he  study by Pomeranchuk 

[17], which has been forgot ten t o  everyone's loss .  

I 

In  t h e  case of lower energies 

In t h i s  study it was 
assumed t h a t  t he  volume i n  which equilibrium is  establ ished must be understood 

as the  combined volume of a l l  t he  generated p a r t i c l e s .  As a r e s u l t ,  within - 

t he  framework of a purely s t a t i s t i c a l  (but not hydrodynamic) formulation, but 

taking i n t o  account ( in  contrast  t o  t h e  Fermi theory) t he  strong in te rac t ion  

- o f  secondary p a r t i c l e s ,  t h e i r  number i s  found t o  be about n N  K E C ,  where Ec i s  
the  energy spent on pionizat ion i n  cent ra l  s t a t i s t i c a l  in te rac t ion ,  K i s  a 

f ac to r  of th.e order of pi1. 

In t h e  study by Pomeranchuk no allowance was made f o r  t he  energy spent on 

accelerat ing elements of t he  volume as a r e s u l t  of hydrodynamic e f f ec t s .  

Accordingly, i n  the  case of high energies,  t h i s  conclusion i s  incor rec t .  For 

t h i s  reason, everyone discarded t h e  Pomeranchuk approach (evidently,  including 

the  author himself) .  

Pomeranchuk-study has a f i e l d  of app l i cab i l i t y ,  

co l l i s ion  among nucleons it should be cor rec t  up t o  m u l t i p l i c i t i e s  ns 5 10. 

In  t h e  case of higher ns hydrodynamic accelerat ion begins t o  exer t  and e f f e c t ,  

and here one must procede t o  a hydrodynamic descr ipt ion.  

a l so  be found from hydrodynamic theory i f  it i s  assumed t h a t  hydrodynamics 

must be used when the  mean (4-dimensional) ve loc i ty  Uo becomes grea t ,  

However, i n  t he  case of not very high energies t h e  

Precisely i n  t h e  case of 

This c r i t e r i o n  can 
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.. (Uo 2 - 3 ) .  Thus, i n  t h e  case n - 10 be mul t ip l i c i ty  must be given by the  
- -  S 

formula n - KEC,  regardless  of t h e  equation of s t a t e  (which, i n  pa r t i cu la r ,  

is important f o r  f i r e b a l l s ) .  The correctness of t h i s  asser t ion  i s  supported 

where 01 w 0.4-6-0.5 and only when n 130 GeV does a d i f f e ren t  regime set  i n  

(n5)- - In ( E  / E O )  o r  (ns) %- (EL / __ Ec) - - "+ [ . 181- - 

S 

by the  fact t h a t  when EL x 25 GeV experiments show t h a t  i n  

S 

With these considerations taken i n t o  account, there  i s  no longer any 
question why a t  high energies there  can be a Landau-Fermi mul t ip l i c i ty  

1/4 
L n - E  

energies,  a Heisenberg mul t ip l ic i ty :  P / E  -f 0. 

here i s  not a change i n  t h e  equations of  s t a t e ,  but i n  an adequate allowance 

fo r  the  in te rac t ion  of secondaky p a r t i c l e s  during t h e i r  f l i g h t .  

corresponding t o  the equation of s t a t e  p = 1 / h ,  and a t  low 
S 

In ac tua l i t y ,  what i s  involved 

/1466 

Another cha rac t e r i s t i c  fea ture  of t he  s t a t i s t i c a l  process i s  i t s  duration. 

The l i g h t  time of an intermediate s t a t e  must be much grea te r  than t h e  co l l i s ion  

time (the la t te r  i s  of t h e  order of I L / ' & ~ c ~ ) .  
r e l a t i v e l y  weak processes (such as electromagnetic rad ia t ion ,  d i r e c t  formation 

In t h i s  case accompanying, 
T 

of muon and electron p a i r s ,  e tc . )  can develop. Their observation, i n t e re s t ing  

i n  i t s e l f ,  i n  theory can a t  the same time be a "method f o r  measuring" the  l i f e  

time of a compound system [19]. 

.The described c l a s s i c a l  formulation, adopted i n  s t a t i s t i c a l  theory, i s  not 

e n t i r e l y  sa t i s f ac to ry  from the  point  of view of quantum f i e l d  theory. 

important s t e p  i n  t h i s  d i rec t ion  has been taken by Milekhin.[20]. 

demonstrated t h a t  t he  pr inc ip le  r e s u l t  of t he  hydrodynamic theory can be 

derived from nonlinear f i e l d  theory by s t i p u l a t i n g  the  appropriate Lagranginans. 

However, t h i s  examination remained quas i -c lass ica l ,  because secondary f i e l d  

quantization was not examined. 

An 

I t  was 

In t h e  quantum-field in t e rp re t a t ion  of s t a t i s t i c a l  theory the  bas i s  is  
an expression f o r  the  p a r t i a l  cross-section i n  t h e  form: 

(4) ON - l f i ~ N ( ] ~ O y  ply pzy * a * 7 Px)'12Phv9 -- 

where p i s  the  s t a t i s t i c a l  weight; M i s  a matrix element. The fundamental 
N 

9 



assumption essentiaFly involves the hypothesis that the matrix element is a 

smooth function of its variables, less pronounced than pN. 

A further step was taken in studies [21, 221. It was demonstrated that 
if the matrix element is factorized, th%t is, if it is represented in the form 

(where N is the number of secondary particles, and p 
the momenta of the primary particle), by selecting relatively simple forms of 
M(pO, p.), one can obtain a distribution by multiplicities and other character- 
istics of the process corresponding to some classical variant of statistical 
theory. 

are their momenta, p are i 0 

1 

However, it is important that not all the characteristics can be deter- 
Specifically, it was later demonstrated [23]%that in order to - ensure mined. 

a constancy of the cross-section it is necessary to stipulate an extremely 
strange dependence betwee.n the matrix element and energy, a dependence of the 
type M - exp (-6), which is very difficult to justify from the point of view 
of quantum-field theory. 

The physical essence of this difficulty is as follows. In statistical 
theory the condition of normalization in intermediate state is 'important. 
Specifically for this reason factors of the type exp(-2M/T) appear; they deter- 
mine a 'small fraction of the heavy particles, the smallness of  scattering by 
the angle ec = ~ / 2 ,  etc. In modern quantum-field theory this conditon corre- 
sponds to the existence o f  a so-called half - -  S-matrix of a S(t ,t ) -- uni- 
tary operator describing the development of the system during a limited time 
interval from tl to t 
questionable. 

1 2  

The admissibility of such a description is extremely 2' 

Further difficulties arose in attempts to apply statistical theory to 
scattering at large 'angles. It was found that for a rigorously determined 
initial energy the statistical description in general could not be represented 
in ordinary quantum-field form. 

-. ~ 

The most critical effect here was the so-called 
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Erikson f luc tua t ion  [24] (random f luc tua t ions  of t he  cross-section with small 

changes i n  energy o r  angle):  i f  a formula of t he  type (4) i s  used as a point 
of departure,  they must be present;  however, i n  a r e a l  s t a t i s t i c a l  process 

they should not  ex i s t .  

The fact is ,  t h a t  i n  s t a t i s t i c a l  theory we do not deal with the  amplitude 

- -  

- 
rn 

i tsel f  (or a matrix element), but with i t s  averaged values ( for  phases, which 

is  equivalent t o  averaging f o r  energies) .  In general ,  an averaging procedure 

i s  not contained i n  quantum-mechanical computations and i s  an addi t ional  

condition. The physical reason f o r  averaging by phases i n  s t a t i s t i c a l  systems 

/1467 

i s  the  high s e n s i t i v i t y  of phases t o  external  e f f e c t s ,  t he  i n s t a b i l i t y  of these 

phases cha rac t e r i s t i c  f o r  t r u l y  s t a t i s t i c a l  processes. 

external  f ac to r s  i n  such systems lead t o  a phase i n  s t a b i l i t y ,  and i n  the  

experiment values which a r e  always averaged by phases a re  observed. 

Even i n  s ign i f i can t  

In  dynamic (not s t a t i s t i c a l )  processes t h e  phases of d i f f e ren t  waves may 

be randomly sca t t e red  i n  t h e  range from 0 t o  ZIT, but  have but  a s l i g h t  sensi-  

t i v i t y  t o  external  fac tors .  Averaging does not  occur f o r  such phases and 

they can be observed experimentally ( the phases a re  usual ly  manifested i n  

interference e f f e c t s ) .  

s t a t i s t i c a l  processes was traced i n  t h e  model problem of sca t t e r ing  on a 

random po ten t i a l  [25]. Final ly ,  the  fundamental problem of r e v e r s i b i l i t y  of 

the process assumed a c r i t i c a l  importance i n  t h i s  connection; i n  s t a t i s t i c a l  

theory i r r e v e r s i b i l i t y  is  a necessary element, whereas i n  quantum theory it i s  
absent,  This i s  one of t h e  most i n t e re s t ing  and important problems i n  s t a t i s -  

. t i c a l  theory. 

This most important difference between dynamic and 

The problem a r i se s :  i f  the  s t a t i s i c a l  process corresponds l i t e r a l l y  t o  

a c t u a l i t y  and a t  the  same time it cannot be described i n  terms o f  amplitude, 

then i s  the  approach based on the  S-matrix and amplitude r e a l l y  universal? 

This problem obviously has something i n  common with the  fundamental problems 
already discussed. 

I t  can be seen from what has been sa id  above t h a t  the  use of a - s t a t i s t i c a l  - 

approach i n  the  in t e rp re t a t ion  and computation of processes of multiple genera- 

t ion ,  as well as  s ca t t e r ing  a t  large angles,  i s  not  only productive, but a l so  

1 3  



gives rise to a number of interesting and fundamental problems. Accordingly, 
a further study of the properties of statistical processes in the interaction 
of particles in cosmic rays and even the simple demonstration of the fact of 
existence of long-lived intermediate st-ates-of statistical and compound sy- atems 
developing in accordance with statistical and hydrodynamic theory, would be of 
exceptional interest. 
systems could arise in a study o f  the direct electromagnetic generation of 
particles already discussed above. 

For example, the problem of the existence of such 

Thus, the physics of cosmic rays has by no means exhausted itself in the 
field of study of strong interactions. 
ideas which have not yet been fully used in theory and which retain timeliness 
relative to fundamental problems. Naturally, the experimental data obtained 
in cosmic ray studies, taking into account the present-day high requirements 
on accuracy characteristic f o r  an accelerator experiment, can be regarded only 
as indicative. However, these indications are of very great value for planning 
accelerator experiments. It can be said that cosmic ray physics is directing 
present-day accelerator experimentation with respect t o  the multiple generation 
pr ob 1 em. 

The physics of cosmic rays contains 

Physics Institute Imeni P. N. Lebedev, Academy of  Sciences SSSR 
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